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ReviewSpine Motility: Phenomenology,
Mechanisms, and Function
Purkinje cells’ dendrites were covered with small thorns
(“espinas”) (Ramo´n y Cajal, 1888). In 1891, he put spines
in the spotlight of the nervous system by proposing that
Tobias Bonhoeffer1,3 and Rafael Yuste2,3
1Max Planck Institut fu¨r Neurobiologie
Martinsried, Munich
Germany they connect axons and dendrites (Ramo´n y Cajal, 1891,
2 Department of Biological Sciences 1899). Sixty years later, the recently developed tech-
Columbia University nique of electron microscopy (EM) enabled investigators
New York, New York 10027 to explore the structure of dendritic spines with unprece-
dented detail. In particular, two studies by Gray, in 1959,
proved Cajal’s hypothesis correct by showing that
Throughout the history of neuroscience, dendritic spines were indeed the site of synaptic contacts.
spines have been considered stable structures, but in Even though Cajal himself imagined spines as capable
recent years, imaging techniques have revealed that of some movement, modulated by neuronal activity (see
spines are constantly changing shape. Spine motility above), spines were traditionally assumed to be rela-
is difficult to categorize, has different forms, and pos- tively stable structures and therefore ultrastructural
sibly even represents multiple phenomena. It is influ- work relied on the classification of spines according to
enced by synaptic transmission, intracellular calcium, their morphologies. This idea was challenged in 1982,
and a multitude of ions and other molecules. An actin- when Crick proposed that spines move (“twitch”) in re-
based cascade mediates this phenomenon, and while sponse to synaptic stimulation (Crick, 1982). Based on
the precise signaling pathways are still unclear, the the previous description of filamentous material in the
Rho family of GTPases could well be a “common de- spine head (Jones and Powell, 1969; Peters et al., 1976),
nominator” controlling spine morphology. One role of Crick hypothesized that actin was present in the spine
spine motility might be to enable a searching function and that the presumptive motility of spines was actin
during synaptogenesis, allowing for more efficacious based. In an even earlier study, Siekevitz and his col-
neuronal connectivity in the neuronal thicket. This idea leagues had already identified actin at the postsynaptic
revisits concepts originally formulated by Cajal, who density (PSD), which is an essential structural element
proposed over a hundred years ago that spines might of all spines (Blomberg et al., 1977), and proposed that,
help to increase and modify synaptic connections. due to the presence of actin and other filamentous pro-
teins, spines might move. The presence of actin in
…Also, the surface of the Purkinje cells dendrites appear spines was later confirmed by ultrastructural studies
bristling with thorns or short spines, which in the terminal (Fifkova and Delay, 1982; Matus et al., 1982). Because of
branches are represented by light asperities. Early on the universal correlation between the actin cytoskeleton
we thought that these eminences were the result of a and morphological changes in cells (Hall, 1994), the
tumultuous precipitation of the silver; but the constancy presence of actin was considered strong evidence that
of their existence and its presence even in preparations spines were likely to move.
where the reaction appears with great delicacy in the In this review, we provide an overview of the discov-
remaining elements, incline us to consider them as a ery of spine motility and of our current understanding
normal disposition. of these rapid (seconds to minutes) morphological
—S. Ramo´n y Cajal changes which appear to occur throughout the verte-
Estructura de los centros nerviosos de las aves, Rev. brate central nervous system. We first focus on the
Trim. Hist. Norm. Pat. (1888) phenomenology, then we review the mechanisms and
regulation of the motility, covering the role of actin, gluta-
…Since its very likely that such spines could be the mate, and calcium, and we finish by considering poten-
points where electrical charge or current is received, tial functional roles for spine motility. We exclusively
their retraction (which would then separate them from
discuss recent data from live imaging of neocortical and
the axons, with which they would be in contact), would
hippocampal pyramidal neurons, cerebellar Purkinje
give rise to the individualization or disconnection of the
neurons, and retinal ganglion cells. To limit our focus,neurons. The state of activity would correspond then,
we do not review spine plasticity (Yuste and Bonhoeffer,to the swelling and elongation of the spines, and the
2001), spinogenesis (Sotelo, 1978), or synaptogenesisresting state (sleep or inactivity) to their retraction.
(Vaughn, 1989). We will also not cover the literature on—S. Ramo´n y Cajal
the structure of spines (Harris and Kater, 1994), andTextura del Sistema Nervioso del Hombre y de los Verte-
we will mention only a limited number of the molecularbrados (1899)
pathways involved (Hering and Sheng, 2001).
Introduction
Imaging Spine Motility: PhenomenologyFrom Cajal to Crick
Over the last 20 years, the dynamics of the growth coneDendritic spines were discovered by Cajal, who,
have been studied in great detail (Mueller, 1999; Tessier-applying the relatively novel Golgi method, noticed that
Lavigne and Goodman, 1996). However, it is only a de-
cade or so that similar experiments have been carried3 Correspondence: tobias.bonhoeffer@neuro.mpg.de (T.B.), rmy5@
columbia.edu (R.Y.) out on dendrites and their protrusions. The introduction
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Figure 1. Two-Photon Imaging of Living
Spines
Left: GFP-transfected pyramidal neurons
from a hippocampal slice culture (P0  11
DIV). Scale  50 m. Right: individual den-
dritic spines are clearly resolved at high mag-
nification. Note the small size and variability
of dendritic spine morphologies. Scale 
5 m. (Reprinted with permission from Du-
naevsky et al., 1999.)
of novel high-resolution imaging methods has enabled search for their presynaptic partners (Morest, 1969), be-
come protospines, i.e., immature spines, and then finallyinvestigators to image spine morphology and some as-
spines.pects of its function in living neurons with unprece-
Ziv and Smith further pursued the idea that dendriticdented detail (Figure 1). This was crucial since the un-
filopodia are direct precursors to spines, by imaging theequivocal proof that spines can change requires
interaction between filopodia and axons in dissociatedmethods that allow one to follow the morphology of
cultures of hippocampal neurons (Ziv and Smith, 1996)individual neurons over time. Such studies have con-
(see http://www.neuron.org/cgi/content/full/17/1/91/firmed that spine motility occurs in a wide variety of cell
DC1). Initially, cells had transient and dynamic filopodia,types in vitro and in vivo. For the purpose of this review,
while later dendritic protrusions were long-lived and sta-we lump together under the common term “motility”
ble. On the basis of their quantitative analysis, countingmany different types of morphological changes. We may
filopodia and spines, they argued that filopodia turntherefore be combining phenomena with different mech-
into spines. More specifically, the authors proposed thatanisms and function. In fact, to appreciate the richness
filopodial motility is related to synaptogenesis, and thatof the phenomenon of spine motility, we encourage the
filopodia create axo-dendritic contacts, by producing areader to view some of the movies that document spine
“virtual” dendrite, a cylindrical territory within which themotility (urls provided below; see also Supplemental
dendrite could use filopodia to capture incoming axons.Movie S1 at http://www.neuron.org/cgi/content/full/35/
As plausible as this scenario might sound, the other6/1019/DC1).
possibility, that filopodia are precursors of dendriticMotility of Dendritic Filopodia in Slices
branches, also has its merits. This could explain the fact
and Cultures
that filopodia also occur in neurons that later do not
In 1996, Dailey and Smith carried out a pioneering study bear spines (Lund et al., 1977; Mason, 1983; Phelps et
demonstrating the dynamics of dendritic protrusions al., 1983; Ramoa et al., 1987). Moreover, if spines would
with confocal timelapse imaging (Dailey and Smith, originate independently from shaft synapses, it would
1996). In hippocampal pyramidal cells in slice cultures, explain the large number of shaft synapses at early, but
they observed widespread dendritic growth, retraction, not later, developmental stages (Fiala et al., 1998; Harris
and branching. Numerous filopodia (long and thin den- et al., 1992; Harris and Stevens, 1989). It is not yet clear
dritic protrusions) appeared and sometimes also gave whether dendritic filopodia exclusively turn into spines
rise to dendritic growth cones and new dendritic or into dendritic branchlets or both.
branches. These experiments gave support to an earlier In any case, these early studies proved that, at least
hypothesis by Vaughn (1989), which suggested that den- in young tissues, dendritic filopodia are highly motile,
dritic filopodia preferentially extend toward active axons potentially serving an important role in the development
and therefore sources of glutamate. Dailey and Smith of neuronal circuitry. This work raised the issue of
observed that, in older cultures, dendrites had many whether similar motility would also occur in spines from
fewer filopodia and instead were covered with spines. more mature tissue.
On the basis of this observation, the authors proposed Spine Motility in Cultures and Slices
a model of selective stabilization of synaptic contacts Indeed, the picture of spines being largely stable changed
dramatically in 1998, when Fischer et al. showed that inby which dendritic filopodia, after a period of active
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vitro dendritic spines were continuously changing shape Interestingly, these morphological changes appeared
(Fischer et al., 1998). The authors investigated actin dy- transmitter specific (Wong and Wong, 2001): dendritic
namics in dissociated cultured neurons labeled by trans- motility was differentially affected by blocking ACh re-
fection of a GFP-actin fusion protein. GFP fluorescence ceptors at E9–E11 (when ACh synapses from amacrine
was associated with dendritic protrusions that had spine cells normally form) and by blocking glutamate recep-
shape and dimensions and they displayed an aston- tors at E12/E13 (when glutamatergic synapses from gan-
ishing level of motility (see http://www.neuron.org/cgi/ glion cells form). This argued for a functional role of
content/full/20/5/847/DC1). dendritic motility: as first suggested by Dailey and Smith
The authors inferred morphological changes in spines (1996), movements might be used by the postsynaptic
from the rearrangements of the actin cytoskeleton. Be- cell to find the appropriate presynaptic targets. The mo-
cause of this, it was theoretically possible that the “con- tility of dendritic protrusions might therefore be a crucial
tainer” (the spine itself) might not change in morphology, step in the formation of neuronal circuitry.
whereas the “content” (the actin cytoskeleton) did (Ed- As advantageous as it seems to study the retina as
wards, 1998). Also, spines in dissociated cultures, with a relatively intact preparation, studying ganglion cells
less structural constraints, might move, whereas spines has one disadvantage: it is precisely the ganglion cells
surrounded by neuropil might not (Edwards, 1998). which suffer injury during the setting up of the prepara-
These objections were dispelled by a study that re- tion because their axons in the optic nerve are severed
ported rapid spine motility in acute and cultured brain when the retina is removed from the animal. Therefore,
slices (Dunaevsky et al., 1999). Using two-photon im- one would like to know whether similar motility is also
aging of neurons biolistically transfected with soluble observed in retinal cells which are not damaged during
GFP, Dunaevsky et al. reported that spines exhibited the preparation procedure, namely amacrine, bipolar,
substantial morphological plasticity also in brain slices and horizontal cells.
(see http://www.pnas.org/cgi/content/full/96/23/13438/ Spine Motility In Vivo
DC1), including appearance and disappearance, elon- Therefore, an important question remained: Does spine
gation and retraction, growth of filopodial extensions motility also occur in a completely intact nervous sys-
from spine heads, “kissing” of neighboring spines, and tem? Evidence for this came from Lendvai et al., who
morphing, i.e., amorphous shape changes which resem- observed the motility of spines of neurons in vivo (Lend-
ble more closely the motility observed in dissociated vai et al., 2000). This was an important step forward
cultures (Fischer et al., 1998). The observed morphologi- since this experiment solidly dispelled the criticism that
cal changes were large compared to the size of a syn- spine motility in earlier studies was due to injury or
apse and they were reduced, yet persisted, in more culture conditions. This study showed that dendrites
mature preparations. The demonstration that spine mo- and spines of cortical neurons, visualized by injecting
tility also occurred in brain slices was reassuring, but the barrel cortex of a rat with an EGFP-Sindbis virus,
it was still possible that the slicing procedure or the extend and retract also in vivo. Also, this motility proved
concomitant deafferentation could have caused arti- to be affected by developmental age.
factual spine motility (Kirov et al., 1999). Finally, the motility of dendritic filopodia and inter-
Motility in Retinal Ganglion Cells acting axons was recently studied in spinal cord from
Compared to the acute brain slice, the isolated retina zebrafish embryos in vivo (Jontes et al., 2000). The au-
preparation has the advantage of providing an intact thors simultaneously imaged the pre- and postsynaptic
structure of nervous tissue, in fact a complete sensory structures at ages in which they exhibit prominent motil-
organ. Therefore, changes in the morphology of neurons ity and described intriguing physical interactions be-
or motility of spines are less likely to be an artifact of tween the two structures and the formation of axonal
the preparation. However, retinal ganglion cells do not varicosities, suggestive of synapse formation (see http://
exhibit classical spines, but rather, small dendritic
www.nature.com/neuro/journal/v3/n3/suppinfo/nn0300_
branchlets which are transient during development
231_S1.html).
(Wong et al., 1992). Still, their similarities with conven-
tional dendritic spines make these studies relevant in
Mechanisms and Regulation of Spine Motilitythe context of spine motility.
Actin Mediates Spine MotilityWong et al. used the isolated retina and imaged retinal
The original description of rapid movement of spines inganglion cells from developing chick retina transfected
acutely dissociated neuronal cultures was carried outwith GFP (Wong et al., 2000). Rapid morphological
using hippocampal neurons that expressed actin taggedchanges in dendrites were present also in this intact
with GFP (Fischer et al., 1998), and thus reflected rapidpreparation (see http://thalamus.wustl .edu/wonglab/
motility of the actin cytoskeleton inside spines (Blom-images/dendrite.avi). These morphological changes,
berg et al., 1977; Fifkova and Delay, 1982; Matus etmostly on tertiary branches of the dendrites, occurred
al., 1982). Indeed, bath application of Cytochalasin-D,remarkably rapidly: new branchlets were added within
a drug that interferes with actin polymerization, blockeda matter of seconds.
motility of spines in cultures (Fischer et al., 1998) andThe motility was developmentally regulated: ganglion
slices (Dunaevsky et al., 1999) and of dendritic protru-cells from younger retinae showed greater changes than
sions in retinal ganglion cells (Wong et al., 2000), con-those in older preparations. Furthermore, neurotrans-
firming that actin polymerization is necessary. Since themitters, notably glutamate, influenced dendritic motility.
myosin blocker BDM does not block spine motility (Fi-NMDA and AMPA receptor antagonists inhibited the
scher et al., 1998), actin networks, rather than myosinmovements, supporting the idea that neuronal activity
and glutamate release might stimulate movement. motors, appear to be responsible for the phenomenon.
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Figure 2. Effect of the Rho Family on Spine
Morphology
Top: effect of RhoA on cortical spines. Left:
control neuron. Right: neuron transfected
with the constitutively active mutant form of
RhoA. Note how all spines are absent. Scale
bar: 5 m. (Reprinted with permission from
Tashiro et al., 2000) Bottom: effect of Rac1 on
Purkinje cell spines. Left: Golgi-impregnated
Purkinje cell dendrites form a wild-type mouse.
Right: neuron from a constitutively active
Rac1 transgenic mouse. Note the abundance
of small dendritic spines in the transgenic ani-
mal. (Reprinted with permission from Luo et
al., 1996.)
The Rho Signaling Network and Dendritic Spines In further experiments, Tashiro et al. (2000) confirmed
their Rac1 results and additionally showed that RhoA-What are the biochemical cascades controlling actin
polymerization? A pathway likely to be important in CA produced the opposite effect of Rac1: it produced
a reduction in the number of spines, resulting, in somespine motility involves the Rho family of small GTPases,
a subgroup of the Ras superfamily of GTPases (Hall, cells, in their complete elimination (Figure 2). Rac and
Rho had differential effects on spine density and spine1998). These proteins function as molecular switches
that cycle between an inactive GDP bound form and an neck length: Rac promotes the development of new
spines while Rho appears to block their formation andactive GTP bound form. They were originally identified
as regulators of the actin cytoskeleton in non-neuronal maintenance as well as their elongation.
Further support of the role of the Rho family ofcells, in which they cause morphological changes such
as growing (or retracting) filopodia and lamellipodia GTPases on dendritic protrusions was obtained in the
study by Wong et al., mentioned above (Wong et al.,(Hall, 1998). In mammalian neurons, some of the better
characterized of the GTPases such as RhoA, Rac1, and 2000). Rho decreased the motility of dendritic branchlets
while Rac increased it. This study extends the above-Cdc42 have been shown to play an important role in
dendritic remodeling of Xenopus retinal ganglion cells mentioned work because it demonstrates the regulation
of motility, rather than morphology, by the Rho family(Ruchhoeft et al., 1999) and tectal neurons (Li et al.,
2002) and in cultured neocortical neurons (Threadgill et of GTPases.
Role of Neurotransmitters in Spine Motilityal., 1997).
In a pioneering study of the role of the Rho family on The data discussed have shown that the actin-cytoskel-
eton plays a pivotal role in spine motility. If actin-baseddendritic spines, Luo and coworkers engineered trans-
genic mice that expressed a constitutively active (CA) spine motility is to fulfill a functional purpose in setting
up and maintaining synaptic connections, it ultimatelyform of Rac1 (Rac1-CA) in cerebellar Purkinje cells and
found that these cells had a large number of small, needs to be controlled by extracellular signals. Obvious
candidates are neurotransmitters. Indeed, applicationsupranumerary spines (Luo et al., 1996; Figure 2). Thus,
Rho GTPases can cause spinogenesis. The question of of glutamate or acetylcholine onto cultured neurons can
result in rapid outgrowth of dendritic or axonal filopodiawhether the Rho family is also involved in the mainte-
nance of extant spines was addressed next using biolis- (Cornell-Bell et al., 1990; Zheng et al., 1994, 1996). More-
over, it has been shown recently that synaptically re-tic transfection of rat hippocampal slice cultures at ages
at which they had already developed spines (Nakayama leased glutamate also can result in the growth of new
filopodia-like structures (Maletic-Savatic et al., 1999) oret al., 2000). Rac1-CA again resulted in the overproduc-
tion of abnormal spines and membrane ruffling, whereas spines (Engert and Bonhoeffer, 1999), via NMDA recep-
tors. This is in contrast to studies in dissociated culturesRac1-DN (dominant negative) produced a reduction in
spine density. These results therefore point at a key of hippocampal tissue where bath application of AMPA
causes spine movement to be reduced (Fischer et al.,role of Rac1 in both the formation and maintenance of
spines. 2000) and spines, which would otherwise have disap-
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peared due to deafferentiation, to be stabilized (McKin- them here, and we refer the reader to the above-men-
tioned reviews on these molecules.ney et al., 1999).
Such glutamate-induced stabilization has been sug- Rho Family as the “Common Denominator”
for Spine Motility and Morphologygested as a mechanism for synaptogenesis which would
automatically arrest the spine in a position close to the Thus a multitude of molecules ranging from neurotrans-
mitters to growth factors and from hormones to drugspresynaptic (glutamate-releasing) terminal. As attractive
as this hypothesis might be, recent results seem to of abuse seem to be involved in spine morphology, and,
we would argue, most likely also spine dynamics. Thespeak against it. A combined 2-photon/EM-study sug-
gests that spines with ultrastructurally confirmed pre- experimental results are so varied and the number of
molecules involved is so large that it is difficult to comesynaptic counterpart are surprisingly motile (Dunaevsky
et al., 2001; but see also Korkotian and Segal, 2001). up with a unifying hypothesis explaining all results. We
do think, however, that there could be a common mech-The story is further complicated by the results of Wong
and Wong (2001), who found that antagonists of gluta- anism controlling spine and synaptic morphology, be-
cause of the concerted regulation of the size of pre- andmate and acetylcholine receptors decreased the motility
of dendritic protrusions. So while it seems clear that postsynaptic structures (Schikorski and Stevens, 1999).
Moreover, the small GTPases of the Rho family mightneurotransmitters and their antagonists can influence
dendritic motility, the picture is still somewhat murky, well be the “common denominator” for the following
reasons:in as much as the effects reported are—at least at first
sight—very different, sometimes even contradictory in
1. In non-neural cells, small GTPases control filopodiadifferent experimental preparations.
and lamellopodia (Hall, 1998).Role of Calcium in Spine Motility
2. Small GTPases are in a pivotal position to translateThe role of calcium in regulating or mediating spine
extra- and intracellular signals into changes of themotility is similarly controversial.
actin cytoskeleton and therefore into changes of neu-For example, in calcium-free solutions, the spine num-
ronal morphology.ber in brain slices was reported to be higher than that
3. Small GTPases interact with many of the pathwaysof slices in calcium-containing media (Kirov and Harris,
that have been shown to be important for spine mor-1999), implying that lower intracellular free calcium con-
phology. For example, Rho can be directly activatedcentrations ([Ca2]i) stimulate spinogenesis. In contrast, by p75 (Yamashita et al., 1999) and NMDA receptorsin other experiments, manipulations such as a calcium-
(Li et al., 2000). Many novel interactions are uncov-free solution, blockade of calcium channels, or the mas-
ered nearly every week, and we surmise that mostsive calcium influxes resulting from bath application of
of the molecules mentioned above will have a moreKCl did not appear to result in major changes in spines
or less direct route of interaction with small GTPases.(Dunaevsky et al., 1999). Finally, application of caffeine,
4. Rho GTPases have a robust effect on spine morphol-which releases calcium from internal stores, was re-
ogy (Figure 2). Manipulations of these molecules areported to increase the size and the number of spines
the only way known to us to reduce the number of(Korkotian and Segal, 1999). Thus, examples of increase,
dendritic spines to essentially zero.no change, and decrease of spine density after elevation
5. Finally, it is interesting to note that mutations in theof [Ca2]i all seem to occur under certain experimental Rho pathway regulators have been implicated inconditions.
mental retardation syndromes in humans (Luo, 2000).All of this could be explained by a complex relation
Oligophrenin-1, a protein with GAP activities for Rho,between increases in calcium and changes in spine
Rac, and Cdc42, is linked to nonsyndromic X-linkedshape (compare Kater et al., 1988), whereby small in-
mental retardation (Billuart et al., 1998). Also, anothercreases in calcium (or synaptic activity) produce spine
locus encodes ARHGEF6, a GEF for Rho (Kutsche etretraction, medium-amplitude increases produce spine
al., 2000) and Pak3, a target of Rac (Allen et al.,growth, and large-amplitude accumulations again lead
1998). Finally, synaptojanin, a Rac1 effector, appearsto spine retraction (Harris, 1999; Matus, 2000; Segal and
overexpressed in Down’s syndrome (Arai et al., 2002).Andersen, 2000; Wong et al., 2000). This idea needs
careful quantitative testing and, while it might be respon- All these considerations lead us to hypothesize that
sible for some of the seemingly contradictory results, it most, or perhaps all, the effects on dendritic spine mor-
seems quite likely that the heterogeneity of effects to a phologies produced by the molecules discussed in this
large extent reflects different systems and experimental section are actually mediated by molecules of the Rho
conditions, as well as heterogeneous spine populations family.
or functional states of the spines.
Other Pathways Potential Functions of Rapid Spine Motility
Many other molecules have been reported to alter spine In the last section, we will try to integrate the available
motility and morphology. They include steroid hormones information on spine motility and speculate on its poten-
(Woolley et al., 1990), volatile anesthetics (Kaech et al., tial functional consequences.
1999), cadherins (Takeichi, 1990), ephrins (Ethell et al., 1—Is Spine Motility Important
2001), neurotrophins (Horch et al., 1999), actin-related for Synaptic Function?
molecules (Craig and Boudin, 2001; Luo, 2000; Rao and First, it is possible that spine motility is an epi-phenome-
Craig, 2000), PSD proteins (Hering and Sheng, 2001), non with no particular purpose for synaptic function.
cocaine, and amphetamines (Robinson and Kolb, 1999), The actin cytoskeleton fulfills many cell biological tasks
and spine motility might simply be a consequence ofas well as many others. It would lead us astray to discuss
Neuron
1024
Figure 3. Spine Motility and Synaptogenesis
Dendritic motility helps the generation of synaptic connections by facilitating the initial contact between dendritic processes (blue) and axons
(red; left panel). These initial contacts and overshooting dendritic processes are later pruned and turned into mature dendro-axonic contacts
in the form of spines (right two panels). Spines additionally help to minimize wiring by preventing the axon from having to run tortuous paths
to form the necessary connections with the postsynaptic dendrites. Adapted from Jontes et al., 2000.
the dynamic nature of the actin networks. In neurons the vicinity of axonal processes. In many of these cases,
the timelapse sequences leave little doubt to the viewerfor example, actin networks have been shown to be
involved in the targeting and trafficking of receptors that the dendrite must play a very active role in the
generation of new synapses, and we encourage the(Allison et al., 1998; Hirai, 2000; Wyszynski et al., 1997)
and spine motility might simply be a consequence of reader to view some of these movies (http://www.
neuron.org/cgi/content/full/35/6/1019/DC1). A dendritethese events.
Although this hypothesis cannot be ruled out, it is grows spines which seem to shoot out toward the axon
and literally grab it to make contact and supposedlyunlikely to explain the observed phenomena. Growth of
new spines, or changes in the spine neck length (Yuste eventually form a synapse.
Further evidence that spine motility is intimately re-and Bonhoeffer, 2001) as well as physical changes in
the size or width of the synaptic cleft (Liu et al., 1999), lated to synaptogenesis comes from the above-men-
tioned studies in the retina, which show that motility offigure prominently as potential mechanisms for chang-
ing synaptic efficacy (Schikorski and Stevens, 1999, dendritic protrusions on different neurons clearly corre-
lates with the time of synaptogenesis. This view is further2001). Therefore, it seems likely that the processes that
generate morphological dynamics in spines will also be supported by observations from other systems, which
show the highest spine motility at peak developmentalchanging synaptic transmission. This would mean that
the idea that a neuron has a more or less stable synaptic stages for synaptogenesis (Dunaevsky et al., 1999; Len-
dvai et al., 2000; Wong et al., 2000; Ziv and Smith, 1996).“transfer function” may need to be revised. One might
rather have to consider neurons with ever-changing syn- It is tempting to speculate that the reduction in spine
motility might be the cause for the termination of criticalaptic weights (Markram and Tsodyks, 1996). The possi-
bility that the changes in morphology observed during periods, as spines may need to be motile to accomplish
synaptic changes of the neural circuitry. A better molec-spine motility would be finely counterbalanced by other,
physiological mechanisms seems quite unlikely. ular understanding of the mechanisms of spine motility
would enable direct testing of this hypothesis, for exam-2—Calcium Compartmentalization
and Learning Rules ple by examining the effect of modulating spine motility
on critical period paradigms.Although the function and purpose of spines remain
somewhat mysterious, it is clear that spines compart- Hypotheses linking spines or filopodia to the forma-
tion of synaptic contacts have been put forward in vari-mentalize calcium and that they can serve to biochemi-
cally isolate inputs and endow them with independent ous incarnations by different authors (Jontes et al., 2000;
Peters and Kaiserman-Abramof, 1970; Ramo´n y Cajal,calcium regulation (Koch and Zador, 1993; Wickens,
1988; Yuste et al., 2000). Several forms of synaptic plas- 1899; Saito et al., 1997; Swindale, 1981). The idea is
that dendritic extensions such as spines or filopodia areticity require increases in calcium levels, and calcium
compartmentalization is thought to be important for in- convenient and efficacious means to connect basically
straight wires like axons to a multitude of dendriticput specificity (Levy and Steward, 1979; Malenka et al.,
1988; Wigstrom et al., 1986; but see Engert and Bonhoef- arbors (Figure 3; for a different view, see Anderson and
Martin, 2001). This allows dendrites to make contactsfer, 1997). Therefore, spines could help to implement
input-specific learning rules and spine motility could to axons not only in the immediate vicinity but also within
reach of the spine, without the need for the axons (orserve to change these rules.
Because diffusion through the spine neck scales with dendrites) to run convoluted and tortuous paths. It has
been estimated that this increases the number of poten-its length (Svoboda et al., 1996), the length of the spine
neck will be the relevant parameter controlling the time tial contacts between axons and dendrites approxi-
mately 4-fold (Stepanyants et al., 2002; Anderson andconstant of calcium compartmentalization, thereby de-
termining the time constant of calcium-dependent syn- Martin, 2001; Swindale, 1981).
We find it likely that spine motility mainly serves toaptic learning rules (Majewska et al., 2000a, 2000b; Hol-
thoff et al., 2002; but see Sabatini et al., 2002). Spine help the dendrite to form a contact with its presynaptic
partner. “Connecting devices” like motile spines makemotility, by changing the morphologies of the spine
necks, thus could serve to alter those time constants. a lot of sense, not only to maximize connections in the
first place, but also to maintain reasonably simple wiring3—Synaptogenesis and Developmental Plasticity
Perhaps the strongest argument for a functional role of without endless detours that axonal processes would
have to make to connect with all their respective targets.spine motility is based on the observation of spines in
Review
1025
Fischer, M., Kaech, S., Knutti, D., and Matus, A. (1998). Rapid actin-This idea then is very much in line with the thinking of
based plasticity in dendritic spine. Neuron 20, 847–854.Cajal, who, over a hundred years ago, proposed that
Fischer, M., Kaech, S., Wagner, U., Brinkhaus, H., and Matus, A.spines serve to increase synaptic connections and—one
(2000). Glutamate receptors regulate actin-based plasticity in den-might add today—that motility helps to facilitate the
dritic spines. Nat. Neurosci. 3, 887–894.
initial formation of these contacts.
Gray, E.G. (1959). Electron microscopy of synaptic contacts on den-
dritic spines of the cerebral cortex. Nature 183, 1592–1594.
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